Reproductive division of labour is common in many societies, including those of eusocial insects, cooperatively breeding vertebrates, and most forms of multicellularity. However, conflict over what is best for the individual vs. the group can prevent an optimal division of labour from being achieved. In the social amoeba Dictyostelium discoideum, cells aggregate to become multicellular and a fraction behaves altruistically, forming a dead stalk that supports the rest. Theory suggests that intra-organismal conflict over sporestalk cell fate can drive rapid evolutionary change in allocation traits, leading to polymorphisms within populations or rapid divergence between them. Here, we assess several proxies for stalk size and spore-stalk allocation as metrics of altruism investment among strains and across geographic regions. We observe geographic divergence in stalk height that can be partly explained by differences in multicellular size, as well as variation among strains in clonal spore-stalk allocation, suggesting within-population variation in altruism investment. Analyses of chimeras comprised of strains from the same vs. different populations indicated genotype-by-genotype epistasis, where the morphology of the chimeras deviated significantly from the average morphology of the strains developed clonally. The significantly negative epistasis observed for allopatric pairings suggests that populations are diverging in their spore-stalk allocation behaviours, generating incompatibilities when they encounter one another. Our results demonstrate divergence in microbial social traits across geographically separated populations and demonstrate how quantification of genotype-by-genotype interactions can elucidate the trajectory of social trait evolution in nature.
Introduction
In many societies, individuals work together to achieve goals that are beneficial to the group. Often this cooperation involves division of labour, where individuals specialize on different tasks. In principle, there will be an optimal ratio of individuals performing each task that maximizes the fitness of the group (Oster & Wilson, 1978; Wilson, 1985; Tsuji, 1994; Hasegawa, 1997; Duarte et al., 2011; Kamiya & Poulin, 2013) . In practice, however, certain tasks are preferable to others. In the case of reproductive division of labour, a small number of individuals reproduce, whereas the remainder forgoes reproduction and contributes to the direct fitness of others, such that their behaviours constitute altruism (Wilson, 1971; Bourke, 2011) .
Theory and experimental evidence indicates that an optimal division of labour for the group can be undermined by the selfishness of individuals (Dobata & Tsuji, 2013) . In eusocial insects, for example, workers behave selfishly by laying unfertilized eggs that develop into males (Visscher, 1996; Foster & Ratnieks, 2000; Halling et al., 2001) , actions that are deleterious to the group because they divert time and energy away from raising the offspring of the queen (Cole, 1986; Hammond & Keller, 2004) . Among leaf-cutting ants, some individuals act as 'royal cheats' by preferentially adopting the reproductive fate (Hughes & Boomsma, 2008) . In Melipona stingless bees, larval cells are mass-provisioned and sealed shut, providing an unusual opportunity for individuals to choose their own caste fate. Consistent with greater opportunity to behave selfishly, upwards of 20% of the colony become queens. The excess queens are killed immediately upon emergence, suggesting that their production is wasteful to the colony (Bourke & Ratnieks, 1999; Wenseleers et al., 2004; Ratnieks & Wenseleers, 2005) .
To combat selfishness, groups can evolve to suppress selfishness and enforce cooperation (Maynard Smith & Szathm ary, 1998; Frank, 2003; West et al., 2007; Ratnieks & Wenseleers, 2008) . However, the existence of unresolved, residual conflict between what is best for the individual vs. the group means that social traitsparticularly those that strongly influence fitness outcomes, like the decision to reproduce or not -may often be suboptimal for the group. The ability of selection to achieve an optimal division of labour should depend on the extent to which individual and group fitness can be aligned (typically via relatedness), as well as the extent to which internal competition is detrimental to the group's productivity (Ratnieks & Reeve, 1992; Reeve et al., 1998; Frank, 2003; Buston & Zink, 2009 ).
Similar to social insects, social amoebae have a reproductive division of labour, where only a fraction of individuals reproduce, and others perform tasks that are good for the group but deleterious to their own fitness. In response to starvation, these previously solitary soil amoebae aggregate and undergo multicellular development. Initially, they form a multicellular slug, which migrates towards light and heat, behaviours that are thought to direct it to the surface of the soil for dispersal (Strmecki et al., 2005) . Following migration, the slug cells further differentiate and form a fruiting body, comprised of a sorus (ball of spores) that sits atop a stalk of dead cells. Approximately 20% of the cells in the slug die and form the stalk, while the remaining 80% form the environmentally resistant spores that survive (Bonner & Slifkin, 1949; Farnsworth, 1975; Stenhouse & Williams, 1977; Nanjundiah & Bhogle, 1995) . Stalk cells are thus analogous to the soma of a multicellular organism or the sterile worker class of eusocial insects. These cells lack direct fitness, but they can obtain indirect fitness if their actions benefit related group members that form spores.
Among the different species of social amoeba, D. discoideum also stands apart for its relatively tight control over the fraction of its cells that form reproductive spores -approximately 20% form stalk and 80% form spores, and these approximate fractions are maintained across fruiting bodies that vary substantially in size (Raper, 1941; Bonner & Slifkin, 1949; Bonner, 1957; Farnsworth, 1975; MacWilliams & Bonner, 1979; Chae et al., 2002) . Prespore cells differentiate first and then release diffusible stalking-inducing factors, such as DIF-1, that inhibit the remainder from adopting the prespore fate (Thompson & Kay, 2000; Kay & Thompson, 2001 ). The proportioning also exhibits robustness, in that the organism can mostly re-establish these proportions if the ratio is perturbed, such as by ablation of the prespore region of the slug (Raper, 1940; Sakai, 1973; R afols et al., 2001) . Dictyostelium discoideum's short development period of precisely 24 h and its simple, robust cell-type proportioning have been essential to its adoption as a model system for cell and developmental biology.
Given the substantial fitness costs associated with the production of a stalk, selection might be expected to drive reductions in its size or promote its loss altogether in certain environments (Hudson et al., 2002) . So far, however, no naturally occurring stalkless variants of D. discoideum have been observed. Gilbert et al. (2007) germinated 3316 spores collected from 95 fruiting bodies to observe their morphology. When single spores were germinated and developed, all produced standard looking fruiting bodies with stalks. Additional isolations of strains from more than a thousand soil samples have also failed to reveal D. discoideum isolates that form slugs but lack stalks (E. A. Ostrowski, unpublished results). The apparent conservation of the stalk within D. discoideum, in addition to its broad phylogenetic distribution across dictyostelid species with hundreds of millions of years of divergence (Schaap et al., 2006; Sucgang et al., 2011) , suggests that it confers an important advantage, which is most likely dispersal (Smith et al., 2014) . More important, the cost of the stalk to the individual cells that produce it, yet its benefit to the group, means that its production should be subject to selective conflict -that is, a tug of war between individual-and grouplevel selection that can impact the observed allocation to these two distinct cell fates, suicide vs. survival.
A crucial feature of D. discoideum is that multicellularity is achieved through aggregation, and thus, cells of different strains can co-aggregate and form genetically chimeric fruiting bodies. Frequent chimerism reduces intra-organismal relatedness and is predicted to exaggerate internal conflict over spore-stalk allocation, favouring strains that are biased towards adoption of the spore fate (Strassmann et al., 2000; Hudson et al., 2002; Fortunato et al., 2003a) , whether by constitutively producing shorter stalks (i.e. fixed differences among strains in their clonal spore-stalk allocation) or in chimera (i.e. a facultative shift to spore production during codevelopment with a foreign strain). Indeed, models have predicted that alternative stalk allocation strategies might emerge, resulting in persistence of both stalked and stalkless forms in a polymorphic state within populations (Matapurkar & Watve, 1997; Brannstrom & Dieckmann, 2005) . Other models have examined the conditions under which stalks can be maintained, which was shown to depend on the fitness cost of stalklessness, the frequency of chimerism and how dispersal distance varies as a function of stalk height (Hudson et al., 2002) . Most important, all of these factors together can act to reduce the observed stalk height in a population below its optimum (Hudson et al., 2002) .
Despite these predictions, little is known about variation in stalk height or spore-stalk allocation in nature, within or across populations. The reported 80-20 division of reproductive labour in this species is based solely on the behaviour of the standard wild-type strain (Raper, 1935) and laboratory derivatives of it (described in Kessin, 2006) . More generally, traits that mediate the outcomes of social competitions -especially those that underlie variance in fitness, such as reproductive skew -are predicted to evolve rapidly, diverge between populations and be polymorphic within populations (West-Eberhard, 1979 , 1983 Rice & Holland, 1997; Gregg & Travisano, 2004; Gosden & Svensson, 2008; Sucgang et al., 2011) , producing a geographic mosaic of outcomes not unlike that generated by interspecific coevolution.
A number of studies have examined the competitive spore production of genetically different strains in D. discoideum chimeras, termed social fitness (Strassmann et al., 2000; Fortunato et al., 2003a; Buttery et al., 2009 Buttery et al., , 2010 Parkinson et al., 2011; Wolf et al., 2015) . However, little attention has been paid to the fruiting body morphology -in chimeras or even clonally -even though the form and function of the fruiting body is likely essential to any benefit it confers. Buttery et al. (2009) estimated sorus volume (the size of the fruiting body head) and stalk volume (assuming a cylindrical shape) from fruiting bodies in seven strains from a site in North Carolina, although they did not report whether this relationship (sorus to stalk volume) exhibited significant variation among strains. Foster et al. (2002) examined the ratio of sorus volume to stalk length in 30 fruiting bodies when one, two, five or ten strains from North Carolina were codeveloped. They did not find significant covariance between this ratio and the number of strains that were codeveloped, but the study did not account for the possibility that the input strains will vary in their clonal spore-stalk allocation. The only other studies to quantify variation in morphological dimensions of different strains focused on only one or two strains, consisting of wild-type codeveloped with a mutant (DeAngelo et al., 1990; Hilson et al., 1994) ; these studies provide little insight into the presence of naturally occurring variation or the possibility of divergence in stalk investment between populations.
To test the hypothesis of divergent investment in this altruistic trait and polymorphism within populations, we performed a morphometric analysis of fruiting bodies on strains from two different populations that were developed clonally and in pairwise chimeras. For a subset of strains, we also generated prespore reporters and quantified the relative size of the nonfluorescent (prestalk) vs. the fluorescent (prespore) region in slugs, which enabled us to test more directly the hypothesis that strains vary in their spore-stalk allocation. Finally, we examined the extent to which the clonal spore-stalk morphology is perturbed by chimerism, particularly chimeras of strains that originate from different populations. Changes in the behaviour and morphology of chimeras, compared to that of their component strains, constitute a form of genotype-by-genotype (G 9 G) epistasis (Wade, 2000; Wolf, 2000; Heath, 2010) . Epistasis across populations would suggest that populations are diverging in the mechanisms by which they control their division of labour and would help to establish the existence of a geographic mosaic and divergent trajectories of microbial social evolution in nature.
Materials and methods

Strains
Ten wild strains were used from two natural populations: five collected from Houston, TX, and five from Little Butts Gap, NC (Francis & Eisenberg, 1993; Fortunato et al., 2003a; Buttery et al., 2009) , as well as the lab strain Ax4 for reference. These two populations were chosen for two reasons. First, some studies of D. discoideum have concluded that population structure in D. discoideum is very low (Flowers et al., 2010) , but these two populations are strongly genetically differentiated (Douglas et al., 2011) . Second, the North Carolina site is in the southern Appalachians, a global hotspot for dictyostelids (Landolt et al., 2006) , where there is high genetic diversity over small spatial scales (<1 cm) in the soil (Francis & Eisenberg, 1993; Fortunato et al., 2003b) . By contrast, Texas forms the western edge of the D. discoideum species range, and near clonality has been observed at distances of 12 m in this region (Gilbert et al., 2009) . Whole genome resequencing also revealed that genetic diversity among Texas strains is lower than elsewhere in the range (E. A. Ostrowski, unpublished results). Thus, the strains from these different sites have likely experienced different historic social environments in terms of their prior experience in forming chimeras with foreign strains.
Cell growth and development
Cells of each strain were grown in conjunction with Klebsiella pneumoniae as a food source on SM agar plates (SM broth: ForMedium Ltd, 2% agar). The cells were harvested during exponential growth and washed three times in cold KK2 buffer (2.25 g/L KH 2 PO 4 , 0.67 g/L K 2 HPO 4 ) by centrifuging at 300 g for 5 min to remove the bacteria. Following removal of the bacteria, the amoebae were resuspended in KK2 at a density of 1 9 10 8 cells/mL. Cells were deposited in a 6 9 6 grid on separate nitrocellulose filters for development, in two treatments: low cell number (5 9 10 6 cells) or high cell number (2 9 10 7 cells). As different numbers of cells were deposited over the same area, these manipulations result in a four-fold difference in cell density during development. Once deposited, filters were transferred to 6-cm Petri dishes containing a Pall filter moistened with 1.5 mL PDF (20.1 mM KCl, 5.3 mM MgCl 2 Á6H 2 O, 9.2 mM K 2 HPO 4 , 13.2 mM KH 2 PO 4 , 0.5 g/L streptomycin sulphate, pH = 6.4). Filters were incubated for 48 h at 22°C with overhead light.
Estimates of stalk height, basal disc width and spore number Following development, approximately 10 fruiting bodies were sampled haphazardly from each filter by increasing to maximum magnification on the stereomicroscope, choosing the fruiting body closest to the centre of the field of view and then decreasing the magnification to collect the fruiting body. The plate was then nudged, and the process was repeated for subsequent fruiting bodies. Fruiting bodies were deposited into a multiwell plate containing 100 lL of detergent (0.1% IPEGAL in KK2 buffer with 10 mM EDTA) and imaged at 509 magnification (see Fig. 1 ). Because stalks sometimes bend or curve inside the wells, we calculated stalk length as a sum of four vector lines running the length of the stalk. We also measured the width of the basal disc at the base of each fruiting body ( Fig. 1) . For a subset of the fruiting bodies, we determined stalk area in pixels using ImageJ and assessed whether this measure was correlated with stalk height; strong correlations would suggest that height is a good proxy for other dimensions, such as stalk area or volume. After imaging each stalk, we pipetted the detergent in each well to disperse the spores away from the stalks. We then determined the number of spores and mean spore size using an automated cell counter.
Experimental design
Each strain was inoculated from frozen spore stocks in 3-4 temporally independent blocks. In each experimental block, cells of each strain were developed on filters, and we chose an average of 10 random fruiting bodies per filter. Together, these measurements resulted in an average of 32.3 fruiting bodies per strain, per cell density treatment (standard deviation = 4.6) and a total of 710 fruiting bodies across the experiment as a whole (=11 strains 9 2 cell densities 9 mean of 32.3 fruiting bodies per strain).
Analyses comparing the spore-stalk morphology of strains developed clonally vs. in pairwise mixes were carried out subsequently in paired assays. Cells of each strain were developed individually and were simultaneously mixed in equal ratios and codeveloped as chimeras. Ten haphazardly chosen fruiting bodies were chosen from each filter (sampled as described above), and the mean stalk size and ratio of spore number to stalk size for the two strains individually were compared to the mean of their chimera. We performed a total of 23 paired assays, consisting of 12 allopatric (TX-NC) mixes and 11 sympatric (NC-NC or TX-TX) mixes.
For each chimeric pair, we calculated a deviation (d), which reflects the degree to which chimeras deviate from the mean of the two strains individually:
where m A and m B are the morphologies (spore number, stalk size or the ratio of the two) of strains A and B, respectively, and m AB is the morphology of the chimera. If chimeras behave additively on average, then we expect that mean d = 0, whereas positive or negative values indicate GxG epistasis, or nonadditive effects of strains on the morphology that can be synergistic or antagonistic.
Statistical analyses of morphology
Principal components analysis of untransformed or log 10 -transformed values was performed in R using the prcomp() function with centring and scaling. To assess whether strains or populations differed in average fruiting body size or spore-stalk proportions, we performed two-way nested mixed model analysis of variance (ANOVA) on the resulting principal components. Analyses were carried out using Proc Mixed in SAS (University Edition; v9.4). Density, location of origin (Texas or North Carolina) and the density-by-location interaction term were modelled as fixed effects, and the significance of these factors was determined using F-tests with a Satterthwaite correction. Strain nested within location, the density-by-strain interaction term and block were modelled as random effects. Nonsignificant interaction terms were removed from models before testing for the main effects of dropping strain or block. Statistical significance for random effects was assessed by calculating the difference between the residual loglikelihoods of the full and reduced models (those removing the factor of interest) and comparing this value to the chi-square distribution, with degrees of freedom equal to the difference in the number of parameters between the models.
GFP reporter strains
To estimate spore-stalk allocation using prespore reporters, we transformed cells with a plasmid containing the promoter of a strongly expressed prespore gene (spore coat B; cotB) fused to green fluorescent protein (GFP; Fosnaugh & Loomis, 1993; Wong et al., 2002) . Within D. discoideum slugs, prestalk cells sort to the anterior portion of the slug, and prespore cells sort to the posterior region, and therefore, the cotB reporter strains produce slugs with fluorescence confined to a discrete region in the rear of the slug. Electroporation procedures were carried out as described in Ostrowski et al. (2008) . Briefly, cells were grown in Petri dishes containing 10 mL of HL5 medium (ForMedium Ltd, Norfolk, UK) supplemented with 10% foetal bovine serum. Prior to transformation, cells were washed and resuspended in ice-cold H50 electroporation buffer. A 100-lL aliquot of cells at a density of 1 9 10 8 cells/mL was mixed with 10 lg of plasmid, transferred to a 10-mm gap cuvette and electroporated at 0.95 kV two times with a 5-s interval. Following electroporation, the cells recovered in HL5 in the presence of G418 to select for transformants.
To estimate spore-stalk allocation, the cotB reporter strains were grown in HL5 supplemented with G418. Cells were harvested, washed and resuspended in KK2 to remove the drug. An aliquot corresponding to 1 9 10 6 cells was mixed with 300 lL of K.p., spread on SM agar pates and allowed to grow for 40 h. After growth, the cells were harvested and washed twice with KK2 to remove the bacteria. Aliquots of cells corresponding to 5 9 10 6 or 2 9 10 7 cells were deposited in a 2-cm strip at one end of a water agar plate (2% agar) and exposed to directional light for a period of 36 h, which maintains the slug stage. Following migration, 10 haphazardly chosen slugs were imaged for each strain. For each slug, we measured the length of the prespore (fluorescent) region and the total length of the slug. We divided the length of the prespore region by the total slug length to estimate the prespore allocation, and one minus this value was used as an estimate of prestalk allocation.
Genetic distance
Genotyping at eight microsatellite loci distributed throughout the genome (L308, L317, L319, L323, L327, L329, L357 and L466; primer sequences provided in Table S2 of Ostrowski et al., 2008 ) was carried out as described in Ostrowski et al., 2008 ; with the following exception. In lieu of using locus-specific fluorescenttagged primers, we used a mix of primers, consisting of a locus-specific reverse primer, a locus-specific forward primer with a 5 0 M13 tag and an M13 primer with a 5 0 fluorophore, according to the method described in Schuelke (2000) . The fluorescent PCR products were analysed on an ABI 3730 sequencer at the Arizona 
State University Sequencing Core, and the resulting chromatograms were analysed using PeakScan to assign allele sizes, where increased size indicates an increased number of repeats at each locus. Genetic distance was calculated as a standardized Euclidean distance based on differences in allele size at all eight loci (Ostrowski et al., 2008) .
Results
Comparisons of the morphology revealed significant differences in stalk height between geographic regions (geographic location: F 1,8 = 6.59, P = 0.03), with TX strains producing taller stalks than NC strains (Fig. 1a) . All morphological features were significantly increased by development at higher cell densities (Fig. 1) . The magnitude of this increase was strongly uniform among strains and between populations, evident in the parallel lines in Figs 1a ,b, as well as the lack of significant interaction terms for location-by-density in ANOVAs (data not shown). Stalk height was strongly correlated with width of the basal disc (Spearman's rho = 0.64, d.f. = 648, P < 0.001), which indicated an allometric relationship between the width and length dimensions of the stalk. For a subset of fruiting bodies, we also estimated stalk area by counting pixels from the images, and stalk area was strongly correlated with stalk height (r = 0.53; d.f. = 70; P < 0.0001). These results indicate that stalks are of a consistent shape and that stalk length is a good proxy for stalk size. Finally, across all fruiting bodies, we also observed a strong positive correlation between spore size and spore number (r = 0.43, d.f.=648, P < 0.0001; Figure S1 ) which was opposite in direction of what was shown previously by others (Wolf et al., 2015) . When fruiting body morphology was averaged by strain, however, the relationship between spore number and spore size was not significant for either population: NC strains (r low = À0.23 and r high = À0.09, both n = 5, both P > 0.05) or TX strains (r low = 0.60 and r high = 0.44, both n = 5, and P > 0.05).
Given the difference in stalk height among TX and NC strains, we considered two reasons why stalk height can differ, which are not mutually exclusive. First, a strain can increase its allocation to the stalk by reducing its allocation to the spores, which amounts to a larger per capita investment in altruism. Alternatively, the aggregation territory can be larger -for example, some strains may be more sensitive to the chemoattractant required for aggregation, or they could differ in genes that regulate group size (e.g. smlA or countin; Brock & Gomer, 1999; Roisin-Bouffay et al., 2000) . Regardless of how it is achieved, larger aggregations increase the total cells in the slug and can potentially result in more cells of both types in the fruiting body. Consistent with the latter hypothesis, sori produced by TX strains not only had larger stalks, but these larger stalks also supported more spores ( Fig. 1b ; geographic location: F 1,8 = 5.03, P = 0.054). Differences in spore size between populations were not significant (F 1,8 = 0.17, P = 0.69), making it unlikely that differences in stalk height are caused by differences in cell size rather than cell number.
Does the relative investment in altruism vary within a location -that is, do populations consist of a heterogeneous mixture of relatively stalky and stalkless variants, aside from differences in overall size? Alternatively, has investment in this costly public good evolved divergently between populations? Plotting the relationship between stalk size and spore number for each strain illuminates differences in morphology among strains and geographic regions (Fig. 1d) . As mentioned above, higher cell density causes a universal shift towards larger fruiting bodies (open vs. closed symbols; Fig. 1d ). However, within each cell density treatment, some strains produced shorter stalks despite a comparable (or even greater) number of spores that sit atop it. For example, one pair of strains from TX and NC have a near identical mean number of spores per fruiting body (33 622 vs. 34 789, respectively), but the TX strain produces a stalk that is nearly 30% taller on average (2.81 vs. 2.19 mm). These observations suggest, albeit indirectly, that there are allocation differences among strains, within populations and across populations.
To assess statistical support for differences in the size of the stalk and to estimate changes in spore-stalk proportions independent of changes in overall size, we performed a principal components analysis (PCA), which incorporated the four traits (stalk height, basal disc width, spore number and spore size). All four traits contributed strongly and positively to PC1, which reflects the strong positive correlations among the metrics and captures differences in organismal size (Table 1) . PC2 and PC3 were most strongly influenced by spore size and basal disc width, respectively. Spore number and stalk height both contributed strongly but in opposite directions to PC4, suggesting that this latter principal component (which explains 17.6% of the variance in the traits) best captures variation in sporestalk allocation after controlling for differences in overall size. In other words, fruiting bodies with tall stalks and few spores will have the largest values for PC4, whereas those consisting of large numbers of spores atop very short stalks will have the smallest values. We thus modelled each PC as a function of geographic location, cell density and strain (Tables 2 and 3 ). For PC1 and PC2, there was a significant effect of cell density (P < 0.05; for both), reflecting the aforementioned impact of density on overall size (see Fig. 1 ), but no significant differences among geographic locations (P = 0.15 and P = 0.37, respectively). PC3, which most strongly reflects basal disc width, was significantly different across geographic locations (P = 0.005). Overall, there was no average difference among geographic locations in PC4, which best reflects the relationship between stalk height and spore number (F 1,8 = 0.71, P = 0.42; Table 2 ). However, the significant effect of strain on PC4 (v 2 = 56.6, d.f. = 1, P < 0.0001; Table 3 ) strongly suggests interindividual variation in spore-stalk allocation within populations.
We reached the same general conclusions about variation among strains in their allocation to the spore vs. the dead stalk using prespore reporters to estimate the relative allocation among the prespore vs. prestalk fate (Tables 4 and 5 ). There were significant differences among strains in the fraction of the slug that was prestalk, suggesting allocation differences to these distinct cell fates (v 2 = 16.5 comparing full and reduced models;
d.f. = 1, P < 0.001). Although not significant (but noting n = 3 for each group), North Carolina strains showed somewhat lower stalk allocation compared to Texas strains at high density, which was similar to what we observed based on fruiting body morphology (e.g. compare Fig. 1d and Fig. 2 ). Consistent with analysis of PC1, slug length was similar for NC compared to TX strains (F 1,4 = 0.35, P = 0.59). This suggests indirectly that the increase in stalk height for TX strains (Fig. 1a) may not be solely driven by differences in overall size, which should have been reflected in larger slug sizes as well, but at least in part by differences in allocation to these different cell fates. An important question is how morphology is altered by chimerism, which we quantified as the deviation (d) from the mean morphology of the two strains developed independently. For stalk length, chimeras did not deviate in a consistent direction (Fig 3a; one-sample t-tests with H 0 :d = 0, all P > 0.05), and allopatric pairings did not show significant reductions stalk size compared to sympatric pairings (two-sample t-test: t 20.2 = À1.28, P = 0.22). Spore production in chimeras, however, did deviate from a null-hypothesized value of zero for sympatric pairs from TX that were codeveloped ( Fig. 3b ; one-sample t-test, t 5 = À3.59, P = 0.02) as well as for allopatric pairings (NC-TX; one-sample t-test, t 11 = À2.94, P = 0.01), indicating consistent reductions in spore production of these chimeras. Notably, these reductions in spore production do not result from failure to codevelop altogether (though that could be Marginally significant for PCA performed on untransformed data (P = 0.09). ‡ Not significant for PCA performed on untransformed data (P = 0.28). Note that PC2 and PC3 on untransformed data were most similar to PC3 and PC2 on transformed data, respectively, with respect to factor loadings. §
Variance estimate for strain (location) was zero, which impacted degrees of freedom for fixed effect of geographic region. We repeated this analysis using PROC MIXED with the 'nobound' estimate and obtained similar results (F 1,13.7 = 0.14, P = 0.72 and F 1,636 = 37.05, P < 0.0001). *P < 0.05; **P < 0.001, ***P < 0.0001. For basal disc width, covariance parameter estimate for strain (location) was zero. Asterisks indicate statistically significant results: *P < 0.05; **P < 0.001; ***P < 0.0001.
occurring as well) but through phenotypic changes in the morphology of chimeras compared to their clonal counterparts. Given similar stalk sizes (Fig. 3a) , but fewer spores atop them (Fig. 3b) , the ratio of spore number to stalk length in chimeras was significantly reduced for sympatric pairs from Texas, as well as allopatric pairs (Fig. 3c) . In addition to classifying the morphological deviations as a function of whether the strains that were codeveloping in chimeras were sympatric or allopatric, we examined whether microsatellite-based genetic distance between pairs of strains predicts the degree to which the morphology of chimeras is disrupted. For stalk length and the ratio of stalk length to spore number, there was no relationship between the genetic distance and the degree to which chimeras deviated from the mean morphology of the two strains developed independently. For spore number, where deviations were mostly negative (i.e. the spore number of chimeras was lower than expected), there was a weakly positive relationship between genetic distance between strains and the deviation (Mantel test; r = 0.350, n = 23, P = 0.06; Figure S2 ). At first glance, the positive relationship was surprising, because we expected intergenotype incompatibilities to increase with genetic divergence, particularly among pairs of strains that were allopatric. Although allopatric strain pairs do show the most extreme deviations from the expected morphology, the deviations were mitigated, rather than enhanced, with increasing genetic divergence, with the most divergent strains pairs approaching a value of zero. One possible explanation for the pattern is that genetic divergence is also associated with greater recognition and segregation of strains during codevelopment (Ostrowski et al., 2008) . Thus, it may be that the most strongly negative impacts of chimerism on spore production are mitigated, at least in part, by recognition and avoidance at larger genetic distances. Prestalk allocation in slugs using GFP reporters. Each point represents a slug, and the prestalk proportion is estimated by dividing the length of the prestalk region (the anterior nonfluorescent region) by the slug length. Red triangles indicate TX strains, whereas blue circles indicate NC strains.
In addition to the positive relationship between genetic divergence and reduced spore number in the fruiting bodies, there was a difference between North Carolina and Texas in the extent to which spore production was reduced in sympatric chimeras (two-sample t-test comparing TX to NC; t 7.7 = 2.47, P = 0.04). Although the sample size was small, chimerism between North Carolina strains had weakly negative to positive impacts on spore number per fruiting body. In contrast, spore production was more strongly reduced when Texas strains were codeveloped with one another, to an extent that was similar in magnitude to the allopatric mixes. This suggests that, in effect, Texas strains interact with one another as though they were allopatric. In contrast, the more positive interactions among North Carolina strains could suggest some degree of co-adaptation to form successful chimeras together. 
Discussion
Theory predicts that reproductive division of labour can be undermined by selfishness (reviewed in Keller & Chapuisat, 2007) , and low relatedness of social interactants is an important predictor of the strength of conflict. Because traits that mediate social competition are thought to be subject to a mutually reinforcing process whereby individuals adapt to a social environment that can itself evolve counteradaptations, these traits are predicted to evolve rapidly, resulting in polymorphism within populations and divergence between them (West-Eberhard, 1979 , 1983 Gosden & Svensson, 2008) . For this reason, traits that influence success in social competition may exhibit a geographic mosaic, not unlike that generated by interspecific coevolution (Foitzik et al., 2003; Thompson, 2005; Gosden & Svensson, 2008) . We examined stalk size and spore-stalk allocation within and across populations of social amoeba as an indicator of altruism investment. We found support for several predictions. First, stalk size has diverged between populations. Stalk size increases were associated with spore number increases, suggesting that some of the difference stalk size between locations is attributable to increases in organismal size. Group size is a regulated trait in D. discoideum, and its molecular basis is understood, involving a secreted cell 'counting' factor that regulates cell-cell adhesion and thus determines the point at which large aggregates break up into smaller aggregates (Roisin-Bouffay et al., 2000; Tang et al., 2001) . One possibility is that any selection favouring larger stalks might indirectly select for larger size, a route that avoids additional costs caused by allocating more cells to the stalk. It has been suggested that limits on group size is one way to reduce the impact of cheaters (Armstrong, 1984) . More generally, group size has long been thought to be a major factor that mitigates social conflict (Alexander et al., 1991; Bourke, 1999; Keller & Chapuisat, 2007) and facilitates organismal complexity. These arguments largely centre on the idea that larger groups permit greater division of labourthat is more cell types (Bonner, 2004; Holbrook et al., 2011) or reduce incentives for selfishness (Keller & Chapuisat, 2007) , but it is also the case that larger size might reduce the costs associated with division of labour because of economies of scale (Maynard Smith & Szathm ary, 1998; Grosberg & Strathmann, 2007) , which might occur here.
After controlling for differences in overall size with PCA, the relative size of the stalk was also highly variable among strains within populations, which suggested underlying allocation polymorphisms in nature. This conclusion was further supported using GFP prespore reporter strains, which demonstrated significant differences in the relative size of the prestalk region of the slugs among strains. Nevertheless, despite variable investment in stalk formation among strains, the overall height of the stalk is still fairly consistent across strains and between populations, which might suggest some stabilizing selection on its dimensions. If stalk height is crucial for dispersal, as suggested previously (Smith et al., 2014) , then strains that allocate fewer cells to the stalk might experience trade-offs between the immediate benefits of producing more spores by reducing stalk allocation and the ability to disperse those spores to new locations. Although the phylogenetic conservation of the stalk across dictyostelids suggests that dispersal is probably an important fitness component in this organism, a caveat to this interpretation is that the stalk may serve a different function in other dictyostelid species, especially those that produce extensive, nonupright stalks of indeterminate size, for example, by helping the migratory slug to bridge gaps in the soil (Gilbert et al., 2012) .
In chimeras, strains that allocate fewer cells to the stalk can potentially obtain its full benefits when they codevelop with stalkier social partners. Clonally, however, these strains may face a dispersal cost. Wolf et al. (2015) also recently demonstrated that strains that produce more spores in social competition (noting that this need not reflect any difference in spore-stalk allocation) produce lower quality spores -and thus, tradeoffs in spore quality might provide an additional route by which different social behaviours could be maintained in nature. Regardless, whether the existence of individuals within populations that produce shorter stalks represents an ongoing, directional decline in stalk production across multiple populations or a balanced polymorphism mediated by trade-offs remains unclear.
If social competition drives divergent evolution of traits across populations, there may be behavioural Asterisks indicate statistically significant results: *P < 0.05; **P < 0.001, ***P < 0.0001. et al., 2010) and none have determined whether the chimeras exhibit aberrant morphology. However, whatever benefit the stalk provides, its alteration in chimeras may be an important mediator of selection favouring its maintenance or loss, and chimeric dysfunction may also explain the evolution of allorecognition that has been observed in these organisms (Ostrowski et al., 2008; Benabentos et al., 2009; Hirose et al., 2011) . We found that chimeras frequently showed more extreme spore-stalk proportions than either strain alone, indicating that the morphological behaviour of these strains is highly nonadditive. The substantial changes in fruiting body morphology were in some ways surprising, given the fairly robust celltype proportioning of the standard wild-type strain when developed clonally and across cell densities, suggesting that the multicellular phenotype may be more canalized with respect to environmental than genetic heterogeneity. The impact of chimerism on morphology was also different for Texas and North Carolina strains. Texas strains tended to show more extreme reductions in spore number when codeveloped with one another compared to pairs of North Carolina strains. It is not clear whether this difference reflects some antagonism among Texas strains or whether North Carolina strains interact in an unusually positive way -and the two possibilities are not mutually exclusive. However, the reduction in spore number observed among Texas strains was similar in magnitude to that of allopatric strain pairs and also tended to scale positively with genetic distance. This suggests that Texas strains interact with other Texas strains as though they are allopatric. By contrast, the more positive interactions between North Carolina chimeras could reflect some degree of co-adaptation among the strains to mitigate the negative consequences of chimerism for spore production. Either way, these findings highlight that the comparison of social behaviours within and across populations, motivated by a co-evolutionary perspective on social evolution, may help to identify examples of coadaptation or conflict. More important, allopatric comparisons provide an important reference point to identify behavioural incompatibilities that might result from divergent evolution in different environments (Vos & Velicer, 2009 ).
The finding of divergent social behaviours is interesting given differences between these locations in the social environment. Texas strains come from the far western edge of the species range, where density and genetic diversity are low and the relatedness among interacting strains is probably high (Gilbert et al., 2009 ). On one hand, strains that arrive at the farthest edges of the range might be enriched for strong dispersal ability, which might explain the larger aggregate sizes and taller stalks observed in Texas. In other words, differences in the local biotic or abiotic environment could promote divergence in stalk size, but it is also possible that taller stalks make arrival in Texas (via dispersal) more likely, even without any differences in the selective environment between these two locations. High relatedness in Texas and a greater tendency to interact in clonal groups might also reduce any selection favouring robust fruiting body formation in codevelopment with other genetically different strains. By contrast, North Carolina strains come from the southern Appalachians, a region of extraordinarily high dictyostelid density and diversity, where previous studies have demonstrated low relatedness conditions (Fortunato et al., 2003b in Virginia) and social cheating (Strassmann et al., 2000; Fortunato et al., 2003a; Buttery et al., 2009) . Notably, chimeras formed between North Carolina strains did not show strong alterations in morphology when codeveloped. One intriguing possibility is that these strains are coadapted to form successful chimeras together, or at least to mitigate the negative impacts of chimerism on spore number.
Clearly, studies incorporating additional populations are necessary to determine whether differences in social structure per se or other factors, such as the abiotic environment, impact altruism investment and the trajectory of social traits like group size in this species. Regardless, the divergence between these two populations in stalk height and polymorphism within them in spore-stalk allocation indicate a geographic mosaic for social behaviours and demonstrate extensive genotypeby-genotype interactions that can influence the outcome of social interactions. More generally, the unusual biology of the social amoeba offers a unique opportunity to examine how divergence across a landscape can lead to behavioural incompatibilities that will shape the evolution and maintenance of altruism.
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